During the Last Glacial Maximum (LGM) the marine-terminating Barra Fan Ice Stream 20 (BFIS), a major conduit of the British Irish Ice Sheet (BIIS), drained much of western Scotland 21 and northwest Ireland with ice streaming onto the continental shelf of the Malin Sea. The extent 22 and retreat history of this ice stream across the shelf, until now, is not well known. In particular, 23 geochronological constraints on the history of this ice stream have thus far been restricted to 24 deep-sea cores or terrestrial cosmogenic nuclide dating onshore, with ages across the shelf 25 absent. To understand the possible external forcing factors acting on this marine terminating 26 ice stream during retreat, improved geochronological constraint on its deglaciation is 27 necessary. Here, we present new geophysical data, marine sediment cores and over forty 28 radiocarbon dates to provide important constraints on maximum extent of the BFIS, as well as 29 the timing and pattern of retreat back across the Malin Shelf. Dated moraines and grounding-30 zone wedges (GZW) seen in seafloor sub-bottom profiles provide evidence that the BFIS 31 reached the Malin Shelf edge during the LGM and was at its maximum extent around 26.7 ka 32 BP. The presence of two sets of GZWs suggests that the style of retreat was episodic. The new 33 radiocarbon chronology shows that retreat from the shelf edge was underway by 25.9 ka BP, 34 with the majority of the continental shelf ice free by 23.2 ka BP, and that glacimarine conditions 35 were present in the Sea of Hebrides by 20.2 ka BP at the latest. Collectively, these results 36
The conventional 14 C ages were calibrated using the Marine13 curve with an inbuilt marine 190 reservoir correction of 400 years and a ΔR of 0 years (OxCal 4.2 software; Reimer et al., 2013) . 191 The ages are reported in the text as the calibrated 2σ median result in the form ka BP (see Table   192 2). The radiocarbon reservoir age in the North Atlantic is known to vary both temporally and 193 spatial (Austin et al., 1995; Peck et al., 2006; Singarayer et al., 2008) . As a sensitivity test to 194 account for the temporal and spatial variability we have applied two further age calibrations 195 using the ΔR +300 and +700 yrs as exemplified by Small et al. (2013a) . These results are 196 reported in Table 2 . The different ΔR values have a modest impact and due to the large 197 uncertainties on the correct ΔR to use (Wanamaker et al., 2012) , and for clarity in the text, we 198 refer only to ages calibrated with a ΔR of 0 unless otherwise stated. Fig. 2 ). In seismic line MS5 (Fig. 4b ), AFA forms a large smooth ridge that has at least 100 209 m of relief. The depressions on either side of this ridge are infilled with acoustic facies AFC to 210 AFF. 211 212 4.1.2 Acoustic facies B (AFB) 213 AFB has a transparent to faintly stratified internal acoustic return and a very strong upper 214 reflector. On the outer shelf this upper reflector exhibits a corrugated surface pattern with 215 hyperbolic reflections (e.g., MS1; Fig. 3) , and a smooth upper reflector surface in the inner 216 shelf (e.g., MS5; Fig. 4 ). The basal reflector is moderate to diffuse in strength, smooth and 217 occasionally undulating (e.g., on the outer shelf, seismic profile MS1; Fig. 3a ), discontinuous 218 and often obscured by the overlying AFB. AFB exhibits a range of morphologies including 219 mounds, asymmetric wedges, ridges and sheets that reach a maximum of ca. 60 m in thickness 220 with the larger features cropping out and locally influencing the seabed topography ( Fig. 3) . 221 On the inner shelf, these ridges often interdigitate with AFE, and here the lower reflector is 222 diffuse and either very faint or not visible.
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For the outer shelf sector, in the north (MS1: Fig. 3 ) AFB comprises two substantial ridges 225 (GZW1a and GZW1b) that are 23-25 m thick and have outer edges at the shelf break and 20 226 km inshore of it. The inner slopes of both ridges are ornamented with smaller mounds ranging 227 in height from between 15-17 m with some onlapping the adjacent fronting mound to the west. 228 The small mounds reduce in size moving east with the easternmost mound forming a thin 229 horizontal lens 4 km in width ( Fig. 3 ). Further south, AFB is set slightly back from the shelf 230 break. On MS2 (Fig. 3) , AFB forms a 58-m high wedge (TS1a) extending from 3.5 to 22 km, 231 which is buried to the east by an onlapping package of AFB (TS1b) that combine to form a 232 broad, low-relief, ridge outlined in Figure 7 . On the southern line (MS3), AFB comprises two 233 small ridges 1 km from the shelf break, and as with MS2, there is also a thick sheet (TS2) of 234 AFB that lies in a depression 5 km from the shelf edge ( Fig. 3 ) that also forms part of the broad, 
Acoustic Facies C (AFC)

242
AFC is acoustically transparent with no internal reflectors. It forms isolated lenses 3 to 11 m 243 thick in topographic lows of AFA and AFB (see Fig. 2 ). It is bounded at its surface by a smooth, 244 undulating and weak reflector, and it often has a hummocky lower bounding reflector. This 245 facies occasionally forms acoustically transparent wedges that interdigitate with the 246 glacimarine basin fills of AFE. AFD is characterised by chaotic, contorted and sub-parallel internal acoustic stratifications and 250 hyperbolic diffractions that can be strong in amplitude. This facies forms a discontinuous drape 251 that reaches a maximum thickness of 12 m, but is generally 3-4 m thick, and overlies 252 topographic irregularities in AFB. The upper surface can be hummocky, but more often is flat (Fig. 2) is an acoustically transparent to faintly laminated drape that typically forms the 268 uppermost facies. Characterised by a diffuse lower reflector on the outer shelf, AFF forms a 269 very thin, continuous drape of < 1 m thickness that overlies AFB and AFE. On the inner shelf 270 this unit can be very thick (greater than 40 m thick) and directly drapes bedrock (AFA: MS4, Stoker et al., 1993; Fyfe et al., 1999) .
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AFB is interpreted as a sub-glacial till that has been formed into a series of grounding-zone 289 wedges (GZWs), till sheets and moraines marking the grounding line positions of the BFIS at 290 the shelf edge and during subsequent retreat. These ice-marginal features identified in the 291 seismic lines have a strong signature in the bathymetric data ( Fig. 7) , but previous descriptions 292 were restricted to the south of the study area (Dunlop et al., 2010) . Together, these data identify AFH is interpreted as the deposits of glacigenic debris flows on the continental slope likely 345 sourced when BFIS ice was at the shelf edge or by postglacial downslope mobilisation or 346 iceberg disturbance. The stacked lenses are characteristic of episodic subaqueous glacigenic 347 debris flows and gravity deposits sourced from ice streams crossing the continental shelf (e.g.
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Laberg and Vorren, 1995; Elverhøi et al., 1997) . AFH was recovered in three cores (124VC, 349 142VC and 143VC) and consists of a stiff basal diamicton representing the debris flows 350 overlain by laminated silts and clays, massive pebbly mud and/or massive bioturbated muds 351 that represents the transition to an ice distal setting once ice had retreated from the shelf edge. The basal lithofacies of 19 cores on the shelf and particularly the outer shelf are highly 357 consolidated diamicton (Dmmc) comprising predominantly massive, dark grey (Munsell 358 colour 5Y4-1), matrix-supported sub-rounded to sub-angular gravel to pebble-sized clasts in a 359 silty-clay to sandy-silt matrix. Shell fragments are frequent to rare, and when present they are 360 typically highly abraded although occasionally are in a good condition. In some cores LFA1 361 contains internal structures such as sand lenses (1-2 cm thick), crude stratification (Dms), 362 dewatering structures and preferential clast alignments that are evident only in the X-363 radiographs ( Fig. 5 ). LFA1 is typically over-consolidated with shear strengths averaging 100 364 kPa, varying between 45-200 kPa, and increasing with depth. LFA1 has high wet bulk densities 365 and magnetic susceptibilities ( Fig. 6 ). LFA1 is constrained by 25 radiocarbon ages (Table 2) , 366 twelve of which are finite. These ages are not in stratigraphical order within individual cores 367 reflecting the prevalence of reworking and mixing in the sedimentary processes ( Fig. 6 ). The 368 oldest ages, 26719 ± 318 and 26825 ± 302 cal yrs BP, are from the shelf edge (125VC), with a 369 further five ages ranging between 24179 ± 212 cal yrs BP to 18251 ± 169 cal yrs BP from these 370 outer GZWs and Till sheets (136VC, 145VC, 139VC; Table 1 , Fig. 6b and 6c ). 139VC 371 contains most diverse set of radiocarbon ages, ranging from infinite to six measurements 372 between 15,031 ± 204 cal yrs BP and 12,662 ± 88 cal yrs BP. The uppermost age in core 373 125VC, at 69.5 cm down the core also provides a young age of 12,826 ± 129 cal yrs BP. LFA2 is a matrix-supported diamicton with a sandy-silt matrix and gravel to pebble size clasts 377 (Dmm) and/or massive silts containing abundant pebble-size clasts (Fmd) present on the outer 378 shelf (146VC, 147VC) and inner shelf (148VC, 149VC, 151VC, 153VC and 154VC) ( Fig. 6d 379 and 6e). These diamictons often form discrete beds (6-55 cm thick) and can repeat 2 to 5 times 380 in a core often alternating with LFA3 laminated mud. The diamicton in LFA2 varies from 381 massive (Dmm) to stratified (Dms) and have low shear strengths averaging 24.6 kPa with a 37 382 kPa maximum (149VC). The pebbly muds (Fmd) also form multiple beds ranging from 7-86 383 cm thick within individual cores, and contain fewer pebble-gravel sized clasts only visible in 384 the X-radiographs and in a muddy-matrix that has low shear strengths of no more than 10 kPa.
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If present together (cores 146VC, 147VC, 148VC, 149VC, and 153VC), the Fmd is always 386 stratigraphically higher than Dmm. The Fmd is often massive, but with occasional water escape 387 structures and preferential near vertical grain alignment (Fig. 5) . The upper and lower contacts 388 of LFA2 are often sharp and can form intruded/loaded contacts with the underlying LFA3.
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Occasionally the lower boundary can be gradational over 5 cm and consist of laminated fine 390 mud and diamicton (Fig. 5 ). The sediment matrix varies from dark grey to very dark grey (5Y 391 4/1, 5Y 3/1) or olive brown/greyish brown (5Y 4/2, 2.5Y 5/2) with the Dmm darker in colour 392 than the Fmd. LFA2 is characterised by medium wet bulk densities and variable high magnetic LFA4: Laminated, stratified and bioturbated mud containing frequent clasts (Fld, Flb, 416 Fldef(d), Fs, Fsb) 417 LFA4 (148-151VC: Fig. 6d and 6e ) gradually transitions from a clearly defined laminated mud 418 with no bioturbation, but frequent >2 mm clasts (Fld), to a bioturbated laminated mud (Flb) to 419 a bioturbated and shell rich stratified mud (Fsb). Flb often consists of wispy, convoluted and/or 420 deformed laminae that contain abundant shell fragments and gravel-sized clasts. Core 148VC LFA6: Muddy sand and shelly sand and gravel (Sfm, Sfmb, Sm, Sl, Suf, Gm, Gms) 439 LFA6 is the surface unit across all cores and consists of: massive muddy fine sand (Sfm), 440 bioturbated at times (Sfmb); massive coarse to fine sand (Sm); laminated sand (Sl); fining-441 upward sand (Suf); gravel (Gm) and matrix-supported gravel (Gms). The physical properties 442 of these units are typically soft (6 kPa), a low bulk densities and variable magnetic 443 susceptibilities peaking in the gravels (Fig. 6 ). LFA6 is often rich in shell fragments and 444 variable in thickness. The alternating beds of LFA2 (Dmm/Fmd) and LFA3 (Fl) reflect a switch to more clearly 467 discernible glacimarine sedimentation in an ice-proximal setting. One explanation for this 468 pattern is a seasonal signal capturing the switch in meltwater plume dominated sedimentation 469 during the summer and deposition of ice rafted diamicton from icebergs calving in the winter 470 when meltwater production is lower (Syvitski et al., 1989 , Cowan et al., 1997 , Cai et al., 1997 .
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An alternative, and favoured, interpretation is that these sediments represent a change from 472 IRD dominated deposition forming sediments of LFA2, to a period of supressed IRD rainout 473 and meltwater plume dominated sedimentation caused by multiyear sea-ice build-up depositing 474 LFA3 (Ó Cofaigh and Dowdeswell, 2001) . Similar interpretations have been made from cores 475 collected in east Greenland (e.g. Jennings and Weiner, 1996, Dowdeswell et al., 2000) . The 476 LFA2 beds contain abundant foraminifera for dating and follow a time transgressive pattern 477 with distance from the shelf edge with the oldest deglacial ages from core 146VC, located on 478 the outer shelf, and the youngest from core 149VC located within the Sea of Hebrides. The 479 three ages from core 146VC do not lie in stratigraphic order indicating some downslope 480 remobilisation occurred that is evident in the X-radiographs where a change in clast alignment 481 is visible (Fig. 5) . Nevertheless, the dates of 25.9 ± 0.2 and 24.5 ± 0.3 cal ka BP from 482 glacimarine sediments indicate that this section of the Malin Shelf was free from grounded ice 483 by this time. The oldest age from the inner shelf, 23.2 ± 0.3 ka BP in core 151VC (Fig. 6e consists of very dark grey (5Y 3/1) sub-rounded to sub-angular gravel to pebble-sized clasts in 508 a very stiff, silty-clay to sandy-silt matrix (Dmmc). Dmmc also contains occasional shell 509 fragments. Core 144VC consists of a 6 m thick Dmmc that has four distinct colour changes 510 with sharp boundaries down core that oscillate from grey to very dark grey from one bed to the 511 next (5Y 4/1 and 5Y 3/1). LFA7 is typically over-consolidated with shear strengths averaging 512 82 kPa, but can be variable within a core (e.g. 142VC, Fig. 6 ). LFA7 has also medium wet bulk 513 densities and magnetic susceptibilities (Fig. 6b ). LFA7 is dated by nine radiocarbon ages, five 514 of which are finite. The remaining four ages, from core 142VC, are not in stratigraphical order 515 and range between 22,402 ± 123 to 18,138 ± 174 cal yrs BP. (Fig. 6 ) 516 517 LFA8: Compact stratified, laminated and deformed fine sands and muds (Sl, Ss, Fldef) 518 LFA8 is a dark greyish brown stratified medium to fine silty-sand occurring in two cores 519 (116VC and 124VC). The laminations vary from finely laminated medium sand and silty-sand 520 that form wispy, convoluted lamina to coarser sandier layers that form discontinuous pods and 521 ball and pillow structures (124VC: Fig. 5 ). Occasional clasts are present towards the base of 522 LFA8. Shear strengths are high, averaging 42 kPa and varying between 13-85 kPa. LFA8 has 523 medium wet bulk densities and low magnetic susceptibilities. LFA8 is constrained by three 524 radiocarbon ages, two lying in stratigraphic order from core 116VC (22,750 ± 221 and 18,326 525 ± 165 cal yrs BP) and one from the base of core 124VC (18,862 ± 106 cal yrs BP; Fig. 6a ). LFA10: Bioturbated laminated to massive muds (Flb, Fldef, Fmb) 536 LFA10 consists of three lithofacies; laminated muds that are either bioturbated (Flb) or 537 deformed (Fldef) and massive bioturbated muds (Fmb). Laminated silts and clays transition 538 from continuous parallel laminae with individual laminae less than 5 mm thick to wispy, 539 discontinuous and more diffuse laminae up-core. Bioturbation is visible as black mottles on the 540 sediment surface that increase in abundance down core and as a dense collection of small 541 irregular burrows to large vertical burrows on the X-radiographs (see Fig. 5 ). LFA10 is olive 542 grey (5Y 4/2) and has very low shear strengths, wet bulk densities and magnetic 543 susceptibilities. LFA10 also contains low >2 mm clast content (Fig. 6) . The oldest age of 544 22,751 ± 229 cal yrs BP dates the Flb facies at the base of core 115VC. A shell age from Fldef 545 in core 116VC produces a younger age of 18,326 ± 165 cal yrs BP. 546 547 LFA11: Massive to laminated sands and sandy-gravels (Sl, Sm, Smb, Smg, Gs) 548 LFA11 forms the uppermost lithofacies in seven cores. It is predominantly composed of 549 laminated fine-medium sand (Sl) or massive fine-medium sand (Sm) with gravel to pebble-550 sized clasts (Smg) and occasional gravel layers (Gs). LFA11 if often bioturbated (Smb), as 551 shown by burrow in the X-radiographs, and contains high concentrations of shell fragments. and removal of pore water as evident from the water escape structures visible in the X-571 radiographs (e.g., Fig. 5 ). We cannot rule out compaction by icebergs but it is likely that 572 icebergs calving from the BFIS would ground on the shallower shelf before reaching the slope. Hemisphere between 12.9-11.7 ka BP (Alley, 2000) . If the larger ΔR of 700 yrs is applied to 635 these ages then the youngest age from 139VC would shift from 12662 ± 88 cal yrs BP to 11591 636 ± 267 cal yrs BP. This is still broadly coeval to the Younger Dryas Stadial and for icebergs 637 reworking the shelf sediments at this time. showing an early retreat of some 19 km from the shelf edge by 25.9 ka BP, a further ~65 km 645 by 23.2 ka BP and with the entire Malin Sea shelf ice free by 20.1 ka BP ( Fig. 7 and 8) and Heinrich Event 2 (H2), which is associated with a 15-30 m global sea-level rise caused by the 695 collapse of the Laurentide Ice Sheet (Chappell, 2002; Siddall et al., 2003) . This sea-level rise 19.4 ± 0.2 ka BP if using a ΔR 700 yrs), and our shallowest core (153VC) is ~20 m above the 712 global sea level minima of 134 m between 29-21 ka BP (Lambeck et al., 2014) . Given this core 713 has glacimarine material dated at 22.6 ± 0.3 ka BP it indicates that the glacial isostatic loading 714 of this portion of the Malin Shelf was at least 20 m and likely significantly more for the 715 laminated glacimarine muds to be deposited without wave based erosion or iceberg turbation 716 of the sediments. This suggests relative sea level was at least ~15 m higher than is currently 717 modelled for this region at 21 ka BP (Bradley et al., 2011) . Thus, although global sea levels at 718 the LGM were ~134 m lower than present (Lambeck et al. 2014) , the outer Malin Shelf (120-719 150 m and 160 m at the shelf break) would have still been below sea level. The effect of glacial 720 isostatic adjustment (GIA) on the outer shelf between 27-21 ka BP has not been modelled with 721 any degree of certainty, but existing models extending back to 21 ka BP suggest that the outer 722 shelf was still responding to ice loading at this time (Bradley et al., 2007) . Theoretical 723 treatments and modelled simulations show that the stability of marine-based ice sheets is 724 closely coupled with the depth of water at the grounding line (Schoof, 2007) . A reduction in 725 sea level can be enough to stop retreat, and an increase in sea level can cause instability and 726 enhance retreat (Gomez et al., 2012) . We argue that the RSL rise associated with this isostatic 727 loading would be significant enough to cause the destabilisation of the BFIS, a conclusion 728 consistent with those put forward by Eyles and McCabe (1989) . 
